In this editorial, we integrate improved understanding of functional and structural brain stem anatomy with lessons learned from other disciplines on brainstem function to provide an alternative interpretation to the data used to support the brainstem migraine generator theory.
Introduction
A large body of scientific evidence support the view that migraine pathophysiology involves inherited abnormal brain functions (1) , that the initiation of the headache phase of a migraine attack depends on flow of nociceptive signals that originate in pain-sensitive cranial organs conveyed through peripheral nociceptors to central trigeminovascular neurons (2) , and that the transition from episodic to chronic migraine and perhaps the duration of an attack depend on dysfunctional brainstem nuclei that modulate neuronal excitability and pain (3) . In contrast, the enticing and provocative hypothesis that inherently dysfunctional brainstem nuclei constitute a so-called migraine generator lacks convincing evidence. Through this review we attempt to convince the reader that there is currently little or no evidence to support the brainstem migraine generator theory, that brainstem activation is not specific to migraine headache (4) , and that the periaqueductal gray (PAG) is not activated during migraine. Through careful examination of upto-date understanding of the brainstem, we propose to replace this somewhat simplistic view with the more sophisticated concept that activation in nearby nuclei in the dorsolateral pons (DLP) reflects a potential role for the DLP in facial and pericranial muscle tenderness, abnormal tactile sensation, transmission of nociceptive signals to the hypothalamus, amygdala and basal forebrain, motion sickness and nausea, altered auditory perception and, perhaps most importantly, modulation of pain.
The ongoing debate over the validity of the brainstem migraine generator theory
One of the leading theories on the origin of migraine headache suggests that the cause of this malady lies in abnormal functioning of the brainstem PAG. Theoretically, defected PAG functioning can either enhance activity of neurons that facilitate pain transmission in the dorsal horn more than usual, or suppress activity of neurons that inhibit pain transmission in the dorsal horn less than usual (5) . This theory received a big boost when the first imaging studies on headache became available. Following the publication of 'Brain stem activation in spontaneous human migraine attacks' in 1995 (6) , the notion that the PAG is involved in migraine has become widespread even though the PAG was not defined as a region showing activation in that report.
Proponents of this theory, which was first conceived in a clinical study in which implementation of stimulating electrodes in the PAG of 175 intractable pain patients resulted in short-lasting (12 patients) or longlasting (three patients) post-operative migraine-like headache (7) , contend its validity based on (a) imaging studies in which activation was noted in the dorsal rostral brainstem during spontaneous migraine attacks (6, 8) and (b) three case reports of patients whose episodic headache was believed to be associated with pontine cavernous angioma that extended over the dorsal rostral pons and the PAG (9) (10) (11) . Scientifically, there is much logic and evidence to propose that diminished modulation by the PAG can weaken the inhibitory signals that help determine the magnitude and duration of activity in nociceptive trigeminovascular neurons. This is not the case, however, when proposing that the PAG itself is a migraine generator. To advance the brainstem migraine generator theory from the opinion phase to being evidence based, answers should be provided to questions such as: (a) How would increased activation in the PAG drive or produce migraine? (b) Are there any connections with the PAG that can de-novo activate pain pathways? (c) Given that the PAG is positioned to modulate pain processing at all spinal cord segments through indirect projections to laminae I-II, V and X (12), how and why mechanistically might dysfunctional PAG generate headache but not pain in other bodily areas?
In the absence of answers to these questions, opponents of this theory assert (a) that in the Raskin et al. study (7) , electrical stimulation of the PAG did not trigger a headache in 174/175 patients (in fact they produced varying levels of pain relief in 160 patients), that persistent post-operative headache lasting 3 months or longer is routinely observed in 9-38% of patients undergoing craniotomy for a wide variety of procedures with or without electrode placement (13) (14) (15) (16) (17) ; (b) that dorsal pons/PAG activation was caused by the nociceptive input it receives from activated trigeminovascular neurons during migraine; and (c) that migraine-like headache seen in patients diagnosed with brainstem cavernous angioma, which may result in brainstem damage, is not different from the migraine-like headache seen in patients diagnosed with cavernous angiomas anywhere else in the brain (18) .
In the absence of convincing scientific evidence, the ongoing debate over the validity of the brainstem migraine generator theory continues to be a hot topic of debate. This debate should continue to press researchers to try to find data to support or refute the notion of a brainstem migraine generator. Direct evidence for the brainstem migraine generator theory should include, for example the following: (i) repeated and consistent initiation of migraine-like headache within minutes or seconds of stimulating candidate brainstem nuclei in non-migraineurs; (ii) repeated and consistent initiation of migraine-like headache within minutes or seconds of stimulating candidate brainstem nuclei in migraineurs; (iii) imaging of abnormal/altered brainstem activity before onset of headache that is followed by increased activity in brain areas that contain central trigeminovascular neurons immediately after the onset of headache and absence of any altered/ enhanced activity in the trigeminal ganglion and the dorsal root ganglia of C2 and C3; (iv) initiation of migraine in individuals in whom the trigeminal ganglion and the dorsal root ganglia of C2 and C3 were densely blocked during the aura or prodrome phase; (v) long-lasting activation of completely quiescent trigeminovascular neurons by stimulating candidate brainstem nuclei; or (vi) post-mortem histopathology showing potential anatomical and/or molecular abnormalities in candidate brainstem nuclei as compared between migraineurs and non-migraineurs.
A mistaken identity: migraineassociated dorsal pons activation does not include the PAG
In 1995 Weiller and colleagues (6) published a paper in which they imaged brain activity in nine individuals during spontaneous migraine attacks. Using positron emission tomography, they described enhanced activity in several brain regions including the DLP (Figure 1 ). Given the authors' scientific interest in the brainstem, they legitimately suggested that the 'the pathogenesis of migraine is related to an imbalance in activity between brainstem nuclei regulating antinociception' (such as the PAG). They did not actually note PAG activation. Throughout the 15 years that followed the publication of this paper, it was considered the strongest evidence for the validity of the PAG 'brainstem migraine generator theory' (8, (19) (20) (21) (22) (23) (24) (25) .
Imaging studies provide overwhelming evidence against PAG involvement in the brainstem migraine generator Three sets of evidence have led us to question the theory that the PAG can 'generate' migraine: lack of PAG activation in migraine, lack of specificity to migraine, and lack of specificity to pain.
Dorsal pons activation in migraine
A careful review of the pattern of activation seen in the DLP of migraine patients is summarized in Table 1 . As noted, the PAG area is not reported or included as an area activated.
Activation in DLP is not specific to migraine
Examination of non-migraine pain studies suggest that DLP activation is not specific to migraine (26) (27) (28) . In fact, it is commonly seen in patients diagnosed with neuropathic pain and in individuals in whom mild somatic (midline lower abdomen skin) and visceral (rectum) pain is induced experimentally by electrical stimuli ( Table 2 and Figure 2 ).
Activation in DLP is not specific to pain
Furthermore, examination of non-pain functional imaging studies suggest that DLP activation is also not specific to pain (Figure 2 , bottom images; Table 3 ). It is activated in response to bladder distention (29), empathy-related recognition and expression of emotions (30) , changes in heart rate, heart rate variability, and plasma catecholamines during rectal distention (31) , visceral stimulation in patients diagnosed with irritable bowel syndrome (26, 28) , breath holding (32) and sympathetic-nerve-related activity (33) . If not a migraine generator, what is the putative role of the DLP region in migraine?
To identify the putative role of the DLP region in migraine, we outline below all the anatomical nuclei within the 'dorsolateral pons' and then attempt to assign to them potential functions in migraine.
Anatomical identification
As summarized in Figure 3 , anatomical sections of the rostral DLP and caudal midbrain (34) include the mesencephalic and principal sensory trigeminal nuclei, the dorsolateral pontine reticular nucleus, locus coeruleus (LC), the parabrachial nuclei, the cuneiform nucleus, the vestibular nuclei, and the inferior colliculus.
Functional considerations
Mesencephalic trigeminal nucleus. This nucleus contains primary sensory neurons that innervate facial and cranial muscles (35) . These primary afferent neurons participate in regulating facial motor activity, such as jaw opening and proprioception of extraocular eye muscles. They are also involved in periodontal sensation (36, 37) . A role in migraine is unknown.
Principal sensory trigeminal nucleus. This region of the brainstem trigeminal nuclear complex receives afferent information relating to light touch of the face and proprioceptive information from the jaw (38) . In human imaging studies it is activated mainly by innocuous stimulation (39, 40) , and although there is some anatomical evidence for activation by noxious stimulation (41) experiments in monkeys suggest This applies to modulation of nociceptive signals. The effectiveness or gating of these signals (whether they exceed brainstem tone and are therefore inhibited) depends on the threshold of neural networks that modify these afferent signals. Thus, the robustness of the 'gate' that allows nociceptive signals to drive central trigeminovascular neurons (and thus headache) is dictated by brainstem tone. Since tone may vary over time (diurnal, stress, hormonal, sympathetic drive, cortical and subcortical influences, etc.), the threshold to limit afferent signals will vary: when the brainstem tone is high (red dot below line of migraine threshold (MT), nociceptive signals are inhibited or limited; and when the brainstem tone is low (red dot above MT), afferent signals are not effectively blocked. Three functional brainstem states are defined in this model: 1) normal state: when cyclical phase brainstem activity is high (less sensitive to stimuli), the potency of pain facilitation (enhanced synaptic strength in the dorsal horn) is too high to allow normal nociceptive signals from the periphery to 'drive' the central neurons into the active state (left); 2) threshold state: At threshold, the system has reached a primed state that could tip into a functional state that would allow for nociceptive drive from the dura to activate the central trigeminovascular neurons (middle); 3) migraine state: When cyclical brainstem activity is high (more sensitive to stimuli), nociceptive signals from the periphery 'drive' the central neurons into the active state (right). In migraineurs, the state of brainstem tone may be unstable or less robust than in healthy individuals by prophylactic and thus they may be susceptible to activation of the cascade of networks that trigger the migraine attack by normal afferent nociceptive signals, which would be inhibited in healthy individuals or prophylactic treatment.
that the principal sensory nucleus is not essential for facial pain sensation (42) . Although a role in migraine is unknown, it may be involved in the altered tactile sensation that develops in the scalp and facial skin during migraine.
Reticular nucleus. The dorsolateral pontine reticular nucleus contains cholinergic neurons (43) and, although its role is poorly understood, it is thought to be involved in the integration of information that is passed from the cerebral to the cerebellar cortex. A role in migraine is unknown.
Locus coeruleus. The LC is the largest noradrenergic nucleus in the brain. Through heavy innervation of several forebrain regions, it is thought to have a role in a number of vital functions, including wakefulness, responses to stress, regulation of emotion, opioid therapy rapid behavioral adaptation to changing environmental imperatives (44) (45) (46) (47) . Although a specific role in migraine is unknown, LC involvement in the inhibition of nociceptive reflexes (48) and firing of thalamic and prefrontal cortex neurons in response to noxious stimuli (49) raise the possibility that it is involved in normal (and perhaps abnormal) pain modulation during migraine.
Parabrachial nucleus. The parabrachial nuclei constitute one of the better-understood relay brainstem nuclei for several modalities of sensory perception, including pain. They receive selective input from lamina I neurons at all spinal cord segments and the medullary dorsal horn and project to a variety of brain areas (e.g., basal ganglia, amygdala, hypothalamus) involved in homeostasis and regulation of affective, autonomic and endocrine responses (50) (51) (52) (53) (54) . Together with evidence for selective activation of parabrachial neurons by dural stimulation (55) , it is reasonable to speculate that the parabrachial nuclei are activated during migraine and that such activity may be involved in altered autonomic functions and amygdala-mediated emotions, such as anger and fear.
Cuneiform nucleus. The cuneiform nucleus is seen as one component of a functional circuit that forms the basis for descending modulation of pain by the brainstem (26, (56) (57) (58) . Given the notion that defective modulatory pain pathways contribute significantly to the pathophysiology of migraine, it is reasonable to propose a role along these lines. Given that the cuneiform nucleus is activated when patients merely expect the pain to come (59) , it may not be surprising that it is abnormally active during the interictal state (3).
CNS Cyclical Processes
Normal Altered Figure 5 . CNS cyclical process and brainstem thresholds. Genetic, physiological, pharmacological, social and other interactions define migraineurs' susceptibility. When processes are in synchrony (a harmonic or repetitive frequency), the model suggests that the migraine potential is sub-threshold (red circle); however, when these are altered either in magnitude, phase or duration, the system becomes unstable and the migraine threshold is exceeded. These components affect the brainstem tone as shown on the right of the figure for the interictal state: 1) cortical processes affect subcortical processing; 2) afferent input through the trigeminal ganglion is normal; 3) trigeminal nucleus function is normal/unchallenged; 4) DLP function is normal or not activated; 5) PAG functioning is not challenged; 6) brain systems acting on the brainstem are in a balanced tone. During migraine, however, we postulate the following cascade of events: 1) normal cortical inhibition of brainstem pathways is altered; 2) there is an afferent barrage of nociceptive input from trigeminal ganglion neurons to 3) the spinal trigeminal nucleus; 4) there is increased activation of the DLP; 5) there is diminished brainstem inhibition of nociceptive signals resulting from altered modulatory/inhibitory tone by the PAG; and 6) all this results in increased afferent inputs to higher brain centers that themselves may be sensitized or affected by brainstem nuclei.
Vestibular nucleus. The vestibular nucleus is believed to mediate motion sickness symptoms such as nausea and dizziness, which are some of the hallmarks of migraine headache (60, 61) . Activation of vestibular nuclei during migraine may thus be associated with the nausea and dizziness.
Inferior colliculus. The inferior colliculus receives auditory signals from the cochlear nuclei, establishes reciprocal connections with the auditory cortex, and as such has an important role in auditory perception (62, 63) . Given the large number of patients who complain about abnormal intolerance to noise during migraine, it may be that at least a part of this hypersensitivity is mediated by the inferior colliculus and that the activation of this area during migraine reflects abnormal processing of auditory signals.
Brainstem involvement in migraine relates to oscillatory state of allostatic load: a proposal
As migraine depends on environmental conditions, genetic predisposition and physiological functions, the susceptibility of an actual migraine attack may be determined by allostatic load (defined in this context as the wear and tear of brain functions as a result of too much stress or inefficient management of stress) (64) . Figure 4 illustrates a model in which initiation is determined by elements such as cortical spreading depression, oscillatory susceptibility, insufficiency modulation of nociceptive inputs by the PAG, or vascular drivers. Specifically, we propose that in the susceptible person, the onset of migraine must coincide with a the cyclic rhythmicity of brainstem activity that is regulated by the effort to maintain homeostasis ( Figure 5 ).
Conclusions
Careful synthesis of imaging data that show activation of the DLP during migraine suggests that previous attempts to assign to this region a specific role had unintentionally narrowed the scope of our thinking. Rather than limiting the academic debate to the brainstem migraine generator theory, we should broaden our scientific assessment of the DLP to include potential involvement in many other processes; facial and pericranial muscle tenderness (mesencephalic trigeminal nucleus); abnormal tactile sensation (principal sensory trigeminal nucleus); transmission of nociceptive signals to the hypothalamus, amygdala and basal forebrain, areas that are involved in regulation of endocrine (parabrachial nucleus); motion sickness and nausea (vestibular nucleus); altered auditory perception (inferior colliculus); and modulation of pain (LC and cuneiform nucleus). Existing evidence clearly supports the notion that the brainstem has an important role in the complex pathophysiology of migraine headache. The topic debated in this commentary is not whether it is involved in migraine pathophysiology but what specific role the brainstem has in migraine headache.
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